Abstract-Surface mechanomyograms (S-MMGs) are recorded from low frequency (<100 Hz) mechanical oscillations that are naturally generated by skeletal muscle during voluntary contractions. This study investigates a method to determine the propagation directionality of the S-MMG waves. A 3x5 grid of skin mounted accelerometers was mounted on the biceps brachii muscle during submaximal voluntary contractions. This method resulted in findings that the propagation directionality of the S-MMGs are frequency dependent. At high frequencies (>25 Hz), high spatial coherence values were only measured for sensor pairs aligned along the proximal to distal (i.e. longitudinal) orientation, thus indicating that coherent S-MMG were mainly propagating along the muscle fibers direction of the biceps brachii at those frequencies. On the other hand, at lower frequencies (<25 Hz), the S-MMG spatial coherence values did not exhibit a specific directionality. This method provides results that have an important implication of finding the average phase velocity of the propagating S-MMG wave, which can be used to determine viscoelastic properties of skeletal muscles.
I. INTRODUCTION
Skeletal muscle naturally generates low frequency (<100 Hz) and continuous surface mechanical oscillations, also called "muscle noise", during voluntary contractions. These natural muscle vibrations result from the dimensional changes in muscle fibers and muscle-tendon geometry [1] , [2] . Using skin mounted miniature accelerometers, the mechanical oscillations of the muscle were recorded and these recordings are called surface mechanomyograms (S-MMGs) [2] . The S-MMGs result from the non-linear summation of the active muscle fiber contractions [3] , [4] . Variations in S-MMG are associated with recruitment of faster motor units and an increase in firing rates of motor units [2] . To complement electromyograms (EMGs) which measure the muscle's electrical activity, S-MMGs have been used to monitor the muscles' mechanical activity. This study aimed to develop a method to determine the propagation directionality of S-MMGs along the biceps brachii muscle during submaximal isometric voluntary contractions. Using a two dimensional array of skin-mounted accelerometers (as seen in Fig. 1 ), to study the spatial variation of S-MMG coherence across all sensor pairs may result in determining propagation directionality that is dependent on frequency.
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II. METHODOLOGY

A. Subjects
Four healthy male subjects with no overt sign of neuromuscular diseases, volunteered to participate for the present study and signed an informed consent form. This study was conducted according to the protocol approved by the Institutional Review Board. Their mean (standard deviation) age, height and weight are 30(5) years, 175(8) cm and 74(7) kg, respectively.
B. Experimental procedure
Sixteen miniature single-axis accelerometers (PCB R A352C65, mass = 2 g, base diameter = 9.5 mm, sensitivity = 100 mV/g) were used with thin flexible cables to reduce drag (<1 mm diameter) to record S-MMG over the biceps muscle (as seen on Fig. 1 ). The accelerometers were skinmounted over the biceps brachii using double-sided medical tape to provide good contact while minimizing mounting artifacts and allowing for the muscle to move freely without any additional pressure interference. All 15 channels were perfectly time synchronized with a sampling frequency of 1 kHz (National Instrument R , Compact DAQ system). The first 15 accelerometers were arranged on a 3x5 grid (see Fig. 1 ). The main biceps brachii axis was determined based on anatomical landmarks for each subject as extending from the origin of the tendon of insertion (distally) to the coracoid process of the scapula (proximally) [5] . For each subject, the sensor grid axis (and thus imaging plane) was approximately aligned with the longitudinal axis of the biceps brachii, which corresponds to the muscle fiber orientation since the biceps have a simple fusiform architecture in its lower section [6] . The transverse sensor spacing (i.e. along the medial-lateral direction) was set to ∆x = 2 cm which was the smallest achievable separation distance given the sensor diameter (∼1 cm). Since the tested biceps brachii muscle differed in length for each subject, the longitudinal spacing distance ∆y (i.e. along the proximal-distal direction) between adjacent accelerometers was determined as 13% (±4%) of the estimated length (L m ) of the biceps brachii long head muscle, following a previous approach [6] . In this study, ∆y varied from 2 cm to 3 cm for each tested biceps brachii to ensure that the accelerometers were placed in anatomically comparable positions. Consequently in all cases, the 3x5 sensor grid covered the region between 20% and 70% of L m , where the coordinate origin is set at the distal end (0% of L m ) [6] . 
C. Experimental protocol
For each subject, S-MMGs were recorded over the biceps brachii muscle during short isometric voluntary contractions (elbow flexion) which allows for a constant muscle torque output and relatively static experimental conditions. A computer-controlled dynamometer (Biodex Corporation, Shirley, NY) was used for torque measurements. Briefly, each subject was seated and the arm was flexed in a supinated flexion position (see Fig. 1(a) ). The upper arm was placed in a 90 degree flexion position in a para-sagittal plane with respect to the forearm and was immobilized horizontally using a supporting stand to minimize motion artifacts. The rotation axis of the elbow joint was visually aligned with the rotation axis of the Biodex dynamometer. The torque output of the biceps was recorded independently by the Biodex dynamometer attached at the subject's wrist. The left arm was tested for a right-handed subject (and vice-versa).
The maximal voluntary contraction (MVC) level for each subject, was determined based on the maximum torque output measured over 3 brief and intense contractions. Thereafter, subjects performed submaximal isometric contractions, in which they were asked to produce and maintain 20%, 40%, 60%, and 80% of MVC force for up to 21 s while facing a video monitor displaying torque output as visual feedback. Subjects were encouraged to rest and relax for 3 min between each contraction to minimize artifacts due to muscular fatigue. A second trial was conducted 1 hour later where each subject repeated the same testing sequence of four short isometric contractions.
D. Spatial coherence of S-MMG: definition and model
The similarity in the frequency domain between two S-MMG signals x(t) and y(t) recorded at different locations of the muscle, can be estimated from the square of the magnitude of their coherence function | C xy (f ) | 2 , defined as [7] 
where f is the frequency of interest, G xx (f ) (resp. G yy (f )) is the power spectrum of the signal x(t) (resp. y(t)), and G xy (f ) is the cross power spectrum of those two signals. The cross-power spectrum is defined as the Fourier transform of the cross correlation function of the two signals x(t) and y(t) [7] . The power spectrum and cross-spectrum of the recorded S-MMG were estimated by segmenting the S-MMG time series in overlapping windows (N = 1100 points long with 50% overlap) and the number of samples for the fast Fourier transform operation was selected as 256. The coherence between the two sensors was estimated using the "mscohere" Matlab R function [8] . In the remainder of this paper the quantity | C xy (f ) | 2 will be referred to as the S-MMG spatial coherence. For each test, two different time intervals of duration (T = 10 s) were used to calculate the coherence between pairs of S-MMG signals, (0.5 s -10.5 s and 11 s -21 s) (see Eq. 1).
At each contraction level (%MVC) the frequency-averaged coherence | C xy (f c ) | 2 , for varying center frequency f c was defined as:
where ∆f =2 Hz, making the frequency band 4 Hz. and Fig. 2(b) ), there exist both longitudinal and transverse pairs having significant coherence values. For instance at 4 Hz, both sensor pairs #3 − #4 (spaced by 2.5 cm along the longitudinal direction) and #3 − #8 (spaced by 2 cm along the transverse direction) have a coherence value of 0.7. However at higher frequencies (see Fig. 2 (c) and Fig.  2(d) ), the S-MMG coherence is highly directional along the muscle longitudinal axis, as evidenced by the diagonal pattern of the high values in the coherence matrix. Indeed sensor pairs located along the muscle fibers direction have overall a higher coherence level (e.g. at 20 Hz the coherence is approximately 0.9 for pair #6 − #8, separated by 5 cm , see Fig. 2(c) ) than sensor pairs located across the muscle for similar separation distances (e.g. around 0.3 for pair #2 − #12, separated by 4 cm).
III. RESULTS
Similar results were found for all subjects showing that the ratio of average spatial coherence of sensor pairs on two different vertical grid lines (transverse) to the average spatial coherence of sensor pairs on the same vertical grid line (longitudinal) was higher at low frequency bands (4 Hz and 20% MVC 40% MVC 60% MVC 80% MVC Low Freq 55% ± 5% 62% ± 4% 62% ± 4% 63% ± 4% High Freq 50% ± 5% 47% ± 4% 40% ± 4% 45% ± 4%  TABLE I   RATIO OF TRANSVERSE TO LONGITUDINAL AVERAGE SPATIAL   COHERENCE. 10 Hz) when compared to high frequency bands (20 Hz and 30 Hz). Table I shows the mean ratio for all four subjects at 20, 40, 60 and 80 % MVC is higher at low frequencies than at high frequencies. This shows that there is less directionality of S-MMG wave propagation at a lower frequency range, when compared to a higher frequency range because the higher percentage shows higher coherence of transverse pairs compared to longitudinal pairs.
IV. DISCUSSION
The main findings from this study are that (i) at higher frequencies (f > 20 Hz) the propagation of S-MMG waves was found mainly to be longitudinal, along the biceps bracii muscle fiber orientation and (ii) at lower frequencies (f < 20 Hz) the longitudinal S-MMG wave propagation is not dominant in comparison to the transverse S-MMG wave propagation. Studies that involve more than one S-MMG sensor attached to a single muscle for comparison would need to take into consideration the placement as well as the frequency range that is being analyzed. A higher frequency range would be more representative of the muscle fiber activity.
It should also be noted that the higher frequency content of S-MMGs typically represents only a small fraction of the total energy of the raw S-MMGs recorded during voluntary isometric contractions of skeletal muscles [9] , [10] . For instance previous studies of S-MMGs recorded over the biceps brachii and further filtered in the band 2 − 80 Hz have showed that the mean power spectral frequency of those filtered S-MMG is typically lower than 30 Hz, even at high contraction level (up to 60% MVC) [11] , [9] . Hence, this may explain why an earlier study of S-MMG coherence of the biceps brachii [12] concludes a transverse wave propagation of S-MMGs since it was focusing on more energetic lower frequency S-MMG components (f < 30 Hz) which were related to a bending transverse modal resonances of the biceps. Thus, the selected frequency bandwidth appears to be an important parameter when investigating the specific directionality (e.g. longitudinal vs. transverse) and spatial origin (e.g. proximal vs. distal) of S-MMGs recorded over skeletal muscles. The results of this article may help further interpret previous findings, which may appear contradictory at first glance, from experimental studies of the S-MMG spatial coherence over other skeletal muscles. For instance, a detailed study of the S-MMGs propagation directionality over the tibialis anterior during isometric voluntary contractions concluded to a transverse directionality of the recorded S-MMG signals which were actually dominated by low frequency vibrations and being generated by a lateral bending movement of the muscle [13] . On the other hand, longitudinal propagation of higher frequency S-MMGs (f > 45 Hz) was observed along the vastus lateralis during isometric voluntary contractions [10] . The difference in these studies assist in showing the frequency dependency of the S-MMGs propagation directionality.
V. CONCLUSIONS AND FUTURE WORKS
A. Conclusions
This study aimed to develop a method to determine the directionality of propagating S-MMG waves. The results of this study show that the directionality of the S-MMG wave propagation is frequency dependent, showing that at higher frequency bands (20 -30 Hz), the S-MMG waves propagate along the longitudinal axis parallel to the direction of the muscle fibers.
B. Future Works
While trials on 4 volunteers were completed for the development of this method, a larger sample size needs to be tested and a detailed statistical analysis performed in order to substantiate the findings.
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